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Rumsfeld Hadrons 
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Rudolf Peierls Centre for Theoretical Physics; University of Oxford; Oxford 0X1 3NP; England 

Donald Rumsfeld, in attempting to excuse the inexcusable, once (in)famously said that "there 
are things that we know we know; there are things that we know we don't know; and then there 
are things that we don't know that we don't know" . Recent discoveries about hadrons with heavy 
flavours fall into those categories. It is of course the third category that is the most tantalising, but 
lessons from the first two may help resolve the third. 
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I. THINGS THAT WE KNOW WE KNOW 

We have heard reported observation of the Be with 
mass m{Bc) = 6276.5 ± 4.0 ± 2.7MeV and comparison 
of its mass with predictions from various models and 
lattice Not everything is mysterious. Com- 

pare this Ughtest be with {m{ip) + m(T))/2 = 6278.6. 
They agree to better than a part per mille. This il- 
lustrates how apparent agreements with the mass are 
driven by the large intrinsic mass scales of the b and 
c and that yet again the mass scales of hadrons are 
phenomenologically rather straightforward. The in- 
teresting dynamics will come when excitations of the 
be are found. 

A more profound testing of QCD effects has come 
from the discovery of and at CDF[i|. The 
chromomagnetic splittings between baryons were pre- 
dicted thirty years ago[3||. The A — splitting of 
SOOMeV involves gluon exchange among all three con- 
stituent flavours. If one of these were replaced by 
an infinitely massive flavour, its contribution to the 
colour magnetism would vanish as magnetic couplings 
are inversely proportional to mass. The spin couplings 
of the two light flavours then leave a residual splitting 
of 200MeV between the light Ag and the (degenerate) 
Sq and Sq. 

In reality we dont have infinitely massive flavours 
but can compare the trend as Q is in turn s,c,b [![. 
The S — A separation grows while the S — S* come 
together. The trend is well known for strange and 
charm; the CDF results for bottom confirm this beau- 
tifully. Although we do not fully understand what the 
degrees of freedom that we call "constituent quarks" 
are, nonetheless, they behave in a remarkably simple 
fashion. It remains a challenge to theory to explain 
why. (See also [5| for extensive discussion about this 
area). 

The area that is phenomenologically understood ex- 
tends to mesons where the qq are in relative L = 0. In 
the recent past there has been much new information 
about the es states. The predictions and observations 
are consistent for the 0~; 1~ states (for an up to date 
comparison see [1, 0])- 

BaBar recently announced the discovery of a new 
Ds state seen in e+e~ collisions decaying to D^K^ or 
i5+Ar° [S^. The Breit-Wigner mass of the new state is 



M{Ds.j{2Sm)) = 2856.6 ± 1.5 ± 5.0 Mev (I) 

and the width is 

r(L>^j(2860)) =48±7±I0 MeV. (2) 

There is no evidence of the Dsji^mO) in the D*K 
decay modeQ or the DsTj mode. There is, further- 
more, structure in the DK channel near 2700 MeV 
that yields Breit-Wigner parameters of 



and 



Af(L>^j(2690)) 2688±4±2 MeV (3) 



r(D^j(2690)) = ff2±7±36 MeV. (4) 



The state 13 <; (2690) has the characteristics of a vec- 
tor and is consistent with being the 2S'(^S'i) or pos- 
sibly mixed with ^Di. RefQ discusses this in more 
detail. If this is true, then a test is to produce the 
state in B decays. 

The production of the radially excited Dso in B de- 
cays can be estimated with the ISGW formalism^. 
Since vector and scalar cs states can be produced 
directly from the W current, the decays B — > 
-D*(2S')Z)(j) or Dso(2P)D(j) serve as a viable source 
excited Ds states. Computationally, the only differ- 
ences from ground state Ds production are kinematics 
and the excited Ds form factors. The relative rates for 
excited vector production were given in Ref. iEl: 



B ^ D*sD : B ^ D*s{2S)D Kil-.Q.i-Q.l. (5) 

In the L — 1 sector the model predicts the ra- 
dial excitation 2P{^Pq) at 2820. The observation of 
Us J (2860) is consistent with this though higher spin 
3^ has also been suggested [TT|. Angular distributions 
can sort this out. If it is 0+ then some interesting 
further tests can ensue which touch on the next level 
of conundrum: 



II. THINGS THAT WE KNOW WE DONT 
KNOW 

In the L = 1 cs sector, why are the masses of 
0+(23I7) and l+(2460) so much lower than the mod- 
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els had expected? I have always felt that this is an ex- 
ample of where the naive quark model is too naive; for 
details see my summary talk in HadronOS [12,] . When 
a qq state occurs in L = 1, but can couple to hadron 
pairs in S-wave, the latter will distort the underlying 
qq picture. The as 0"*" state predicted above DK 
threshold couples to the DK continuum. This mixes 
DK into the wavefunction, and leads to a weakly 
bound quasi-molecular state just below DK thresh- 
old. Analogous dynamics was predicted also for the 
1"^ coupling to D*K. This effectively "unquenches" 
the quark model for such states and led to the molecu- 
lar picture of fl3] . This has been discussed extensively 
and the effects of the intrinsic cs seed also investigated 
in dl. 

There has also been suggestion that this is an effect 
of chiral symmetry 15], the 0~ — 1~ states with 143 
MeV mass gap matching their 0"*" — 1^ chiral partners 
with 146MeV. This is intriguing but among things 
that I don't undertstand are: (i) why does this ap- 
ply for cs where no manifestly light flavours are in- 
volved rather than cu or cd ; (ii) which of the two 1+ 
states is the comparison supposed to be made with? 
(In the infinitely massive quark limit there is a clear 
answer, but it is trivial as the splittings go to zero; 
for finite masses there is mixing between the 5* = 0, 1 
basis and the Pi/2 —P3/2 states and the comparison is 
non-trivial) . 

The full spin-dependent structure expected at order 
in QCD has been computed by Pantaleone et al. [l6| 
and reveals that an additional spin-orbit contribution 
to the spin-dependent interaction exists when quark 
masses are not equal. When these are incorporated 
in a constituent quark model there can be significant 
mass shifts leading to a lowered mass for the Dso con- 
sistent with the 1)50(2317) [13. The identification of 
analogue states with bottom fiavour could help decide 
among these pictures. 

If both the 2860 and 2317 are canonical cs 0+ states 
in 2P and IP respectively, then their relative produc- 
tion in B-decays should be[l0|: 

B Ds{2860)D : B Ds{2317)D « 1 : 0.6 - 1.8. 

(6) 

A comparison in B-decays is warranted. 



III. THINGS THAT WE DON'T KNOW WE 
DON'T KNOW 

There is much unexpected activity showing up in 
the charmonium sector: A73940) seen in |18| . 
y(3940) seen in D*D [Tij, Xc2(3930) Q and 
y(4260) [2l[. (The inclusion of charge- conjugated 
reactions is implied throughout.) Furthermore there 
are also three prominent enhancements X in e^e~ — > 
tp + X fl9| , which are consistent with being the rjc, rj'^ 



and xo- 

In e+e~ ^ ip + X there is no sign of the X(3872); 
this state now appears to have C = + and be con- 
sistent with 1++ [22|. This J^'-^ was first suggested 
in Ref. [23I] and a dynamical picture of it as a quasi- 
molecular D*^D^ state discussed in Refs. [23,, 24] . The 
suppression of this state among prominent C — + 
charmonium states (l9j may thus be consistent with 
its molecular versus simple cc nature. 

Why the xo is prominent in e^e^ -tJj + X and the 
X2 not is one question (contrast with light flavours 
where e^e~ —> 0^/2 is clearly seen, in particular in 
ip decay). The nature of the structure X(3940) is 
clearly another question. On mass grounds it could 
contain radially excited x states; but if so why does 
it not appear in DDI (If xo is prominent in the data 
on e+e" — > ip + then if 2P states are strongly 
produced, one would expect 2P(xo) also to be signif- 
icant.) Given that r]c(2S) is prominent, then perhaps 
?7c(35) is also, which would explain the suppressed 
DD. A third possibility is that hybrid charmonium 
with C=-|- is being produced, which also is predicted 
not to decay to DD. 

There is a folklore that AT (3940) is too light to be 
hybrid charmonium, but I disagree with that. Lattice 
QCD and fiux tube models agree that the typical mass 
scale for an exotic 1 is ^4.2 GeVjl^, [2^; given that 
spin-dependent splittings place a lighter than this 
and 1 slightly heavier [23], it is quite plausible that 
a ^ hybrid (mixing with rjciSS) ?!) is in this region, 
and that the vector y(4260) is also part of this story. 
Proving this will be hard though; I shall return to this 
later. 

First let's consider the lightest of the novel char- 
monium states, the A (3872) at D^D*'^ threshold and 
which is almost certainly an axial meson. This has 
been known for some time and is generally agreed 
to have a tetraquark affinity; whether it is a genuine 
£)0£)*o jnolecule or a compact cucii is a more subtle 
issue. If the quark-pairs are tightly clustered into di- 
quarks, then a S* = and S ^ 1 are required to make 
the 1++. Consequently other states, combinations of 
0+ — 0+ and 1+ — 1+ would be expected. The ab- 
sence of such a rich spectrum suggests that the over- 
riding dynamics is that the constituents rearrange into 
loosely bound colour singlet cu-uc, or D^D*^ . I don't 
plan to discuss that today but would raise a couple of 
points about the binding mechanism that seem not to 
have been widely considered. 

There is a significant possibility that this state and 
the "conventional" xi(3500) may have some mixing. 
If so there will be some isospin breaking in the latter's 
decays such that hr{xi AT+AT^vr) > hr{K^ K'^n). 

It is the dynamical origin of this state that con- 
cerns me more. The arguments for it being a molecule 
were discussed in rcf[28] and tt exchange as a binding 
mechanism was also considered. Tornqvist had earlier 
suggested that a whole series of hadrons might form 
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such "deuson" states via tt exchange [29|. Swanson(2^ 
considered a quark exchange model, in which the coin- 
cidence of DD* and ipuj as well as ipp energies played 
a role. Swanson found an attractive force but also 
showed that, within the approximations employed, 
this was insufficient to bind and he had to include 
TT exchange to do so; as such this effectively recov- 
ers Tornqvist's 7r-exchange model and leaves quark- 
interchange having little to do with the binding. 
There is one comment however: Swanson considered 
only short distance (contact) gluon exchange in his 
quark exchange calculation and not the contribution 
of the tensor force that gluons also induce. Note that 
the Yukawa tt exchange potential also is not suffi- 
cient to bind; it is the tensor force that is found to 
be essentialjlj, [2^. So it would be interesting to see 
what happens if the tensor contribution from gluon 
exchange is also included; this is being investigated 
by C Thomas [33|. Understanding this may also have 
implications for other anomalous charmonium states. 
It would also have potential implications for the pres- 
ence or absence of analogous states involving heavy 
flavours, and also for DgD*: this would receive no con- 
tribution from TT exchange, and 77 exchange is expected 
to be negligible whereas quark-interchange could oc- 
cur. Furthermore, tt exchange can also occur between 
D and D* (i.e with no D [2^) whereas quark exchange 
would not link to the ipuj and the effects would gener- 
ally differ. 

I now turn to hybrid charmonium and evaluate the 
prospects that it is being exposed. There are three 
states of interest (i) X(3940) in the recoil spectrum 
e+e" ^ ip + X(3940), which is not seen in ujtp; (ii) 
y(3940) seen in B-decay and which is seen in ujip; (iii) 
F(4260) which is 1~~ in e+e" tfjTnr, with no ob- 
served decay into DD. The fact that there is no sign 
of established 3S/2D(4040/4160) 4S(4400) in the ^tttt 
data already marks this state as anomalous and elimi- 
nates conventional explanations as potential states are 
already apparently occupied. The mass, large width 
into tpTTTT, small leptonic width (0(5 — 80)eV, contrast 
O(keV) for known states), affinity for DDi thresh- 
old and apparent decay into ■f/'c or ipf o{980) are all 
consistent with predictions made for hybrid vector 
charmonium [sij . I now assess the empirical status of 
hybrid charmonium and other possible interpretations 
of the states. 

The eight low-lying hybrid charmonium states (ccg) 
were predicted in the flux-tube model to occur at 
4.1 - 4.2 GeV [1^, and in UKQCD's quenched lat- 
tice QCD calculation with infinitely heavy quarks to 
be 4.04 ± 0.03 GeV (with un-quenching estimated to 
raise the mass by 0.15 GeV) [2^]. The splittings 
of ccg from the above spin-average were predicted 
model-dependently for long distance (Thomas preces- 
sion) interactions in the flux-tube model [32l |. and 
for short distance (vector-oi ie-g luon-exchange) inter- 
actions in cavity QCD [13, Hjj. For the 1~~ state 



the long and short distance splittings respectively are 
MeV and 60 MeV. Long ago the spin-dependent 
mass shifts were calculated in cavity QCD, though 
the resul ting pattern is expected to be more gener- 
ally true[23, [3J|. Quenched lattice QCD indicates 
that the ccg 1~~, (0,1,2) ^ are less massive than 
1++, (0,1,2)+- The spin splitting for this 

lower set of hybrids in quenched lattice NRQCD is 
0-+ < 1-+ < 1-- < 2-+ H, at least for bbg. 
This agrees with the ordering found in the model- 
dependent calculations for qqg 27j in the specific case 
of ccg [H,!!^. For bbg lattice QCD predict substantial 
splittings ~ 100 MeV or greater [3J|, which become 
even larger in the model-dependent calculations for 
ccg (3^. [ssj. 

Thus the consensus is that the resulting pattern 
is, in decreasing mass, 1 ;1 '";0 with the mass 
gap between each state being the same and of the 
order of 10-lOOMeV. Thus theory strongly indicates 
that if y(4260) is ccg, and the splittings are not 
due to mixing or coupled channel effects, then the 
J^'-^ exotic 1 ^ and non-exotic ccg are be- 
low D**D threshold, making them narrow by virtue 
of the selection rules. The 1 decay modes [i^l 
and branching ratios [4l| have extensively been dis- 
cussed. Thus it is consistent to identify possible 
states as 1~(4.25); 1-+(4.1); 0-+(3.9) and to spec- 
ulate whether there are two states 1 ^(4.1); 0-+(3.9) 
in either the X/Y{3940) structures of Belle or e+e^. 
This is clearly a question that statistics from a super-B 
factory may resolve for the B-decays or e+e^ — > iJj+X . 

Mass arguments alone will not be convincing; we 
need to understand the dynamics of production and 
decay and show that these fit best with hybrid states. 

A lattice inspired flux-tube model showed that the 
decays of hybrid mesons, at least with exotic J^'~' , 
are suppressed to pairs of ground state conventional 
mesons [s^. This was extended to all J^*^, for 
light or heavy flavours in Ref. [IJ. A similar selec- 
tion rule was found in constituent gluon models (38| . 
and their common quark model origin is now under- 
stood ^39]- It was further shown that these selection 
rules for light flavoured hybrids are only approximate, 
but that they become very strong for cc [33, [13] . This 
imphed that decays into DD, D_sDg, D*D*_ and D*D* 
are essentially zero while D*D and D*Ds are very 
small, and that D**D, if above threshold, would dom- 
inate. (P-wave charmonia are denoted by D**). As 
ccg is predicted around the vicinity of D**D thresh- 
old, the opportunity for anomalous branching ratios in 
these different classes was proposed as a sharp signa- 
ture [2i,[33]. (To the best of our knowledge Ref. (STj 
was the first paper to propose such a distinctive sig- 
nature for hybrid charmonium.) 

It has become increasingly clear recently that there 
is an affinity for states that couple in S-wave to 
hadrons, to be attracted to the threshold for such 
channels [l^ . The hybrid candidate 1 appearing 
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at the S-wave Di{242Q)D is thus interesting. 

More recently the signatures for hybrid charmo- 
nia were expanded to note the critical region around 
D**D threshold as a divide between narrow states 
with sizable branching ratio into cc + light hadrons 
and those above where the anomalous branching ra- 
tios would be the characteristic feature [i^, EH ■ Here 
widths of order 10 MeV were anticipated around the 
threshold. It was suggested to look in e~^e~ annihi- 
lation in the region immediately above charm thresh- 
old for state(s) showing such anomalous branching ra- 
tios [4l|. The leptonic couplings to e+e^, /i^/i^ and 
r+r" were expected to be suppressed [42] (smaller 
than radial S-wave cc but larger than D-wave cc, but 
with some inhibition due to the fact that in hybrid 
vector mesons spins are coupled to the = 0, whose 
coupling to the photon is disfavoured [4l|V 

The dominant mode would be to DDi or D*Do if 
kinematically allowed; these being S-wave and near 
threshold, with low recoil momentum, there can be 
a significant amplitude for their constituents to rear- 
range leading to the kinematically allowed decay chan- 
nels ipTTTT including ^pfo/cr. This would then be the 
explanation of the strong decay width to ipmr, which 
would otherwise superficially be OZI suppressed. 

There are several of the theoretical expectations al- 
ready given for ccg that are born out by y(4260): (1) 
Its mass is tantalizingly close to the prediction for the 
lightest hybrid charmonia; (2) The expectation that 
the e"'"e~ width should be smaller than for S-wave cc is 
consistent with the data 31]; (3) The predicted afhnity 
of hybrids to D**D could be related to the appearance 
of the state near the D**D threshold. The formation 
of D**D at rest may lead to significant re-scattering 
into -i/jTr+TT", which would feed the large signal. 

The nearness of y{4260) to the Di{2A20)D thresh- 
old, and to the D[D threshold, with the broad D[ 
found at a mass of 2427 MeV and width 384 
MeV [44], indicate that these states are formed at 
rest. Also, these are the lowest open charm thresh- 
olds that can couple to 1 in S-wave (together with 
DqD*, where the Dq mass ^ 2308 MeV and width 
~ 276 MeV [11]). Flux-tube model predictions are 
that the D-wave couplings of 1 ccg to the l"*" and 2+ 
D** are small [H, [s^, [la] ; and there is disagreement 
between various versions of the model on whether 
the S-wave couplings to the two 1+ states are large. 
If these couplings are in fact substantial, the near- 
ness of Y{A26Q) to the thresholds may not be coin- 
cidental, because coupled channel effects could shift 
the mass of the states nearer to a threshold that it 
strongly couples to; and it would experience a cor- 
responding enhancement in its wave function. The 
broadness of F(4260) also implies that its decay to 
£'i(242_0)Z), D[D_a.nd £»o(2308)5* which feed down 
to D*DiT and DDn would be allowed by phase 
space and should be searched for to ascertain a signif- 
icant coupling to D** . 



Flux-tube model width predictions for other 
charm modes are 1 - 8 MeV for D*D [ii], with 
DD, DsDs, D*p* and D^D* even more suppressed. 
Thus a small DD and DgDg mode could single out the 
hybrid interpretation. Unless there is significant re- 
scattering from -0/0(980), the hybrid decay pattern is 
very different from the esse four-quark interpretation 
for y(4260) which decays predominantly in DsDg [46j . 
Thus data on the latter channel, or limit on its cou- 
pling, could be a significant discriminator for the na- 
ture of this YU260). 

The data[43] on e+e^ DgDs show a peaking 
above threshold around 4 GeV but no evidence of 
affinity for a structure at 4.26GeV. This is sugges- 
tive but needs better quantification. If these data are 
confirmed, then as well as ruling out a cscs at this 
mass, they will also add support to the hybrid inter- 
pretation. The same data also show there is no signif- 
icant coupling of y(4260) to DD:D*D or D*D*, all 
of which are in accord with predictions for a hybrid 
state. 

Before finally concluding that the y(4260) is hy- 
brid charmonium, we must eliminate a third possi- 
bility: is the 1~~ X(4260) an effect of tt exchange 
attraction near the DDi threshold? Note that this 
is the first threshold in e+e~ annihilation to charm 
where the charmed mesons emerge in S-wave. This 
would be analogous to the 1++ X(3872) DD* that 
we discussed earlier. In the F(4260) case, 7r-exchange 
connects DDi — > D*Dq and gives attraction in the 
1"", / = channel (the r(4260?)) and in the 1"+ 
/ = 1 channel (a truly exotic beast!). There is also the 
question of whether quark-exchange gives attraction. 
If so this would potentially allow enhancement near 
the DgDai threshold, whereas neither 7r-exchange nor 
s-channel resonances would expect such a structure. 

An indirect hint that y(4260) might be connected 
to resonant gluonic excitation is that there ap pea rs to 
be an analogous phenomenon in the ss sector [4^ l49j . 
The cross section for e+e^ if+if ^tt+tt" has sig- 
nificant contribution from e+e~ — > KKi with rescat- 
tcring into (p-K-n. A resonance with width F = 58 ± 
16 ± 20MeV with large branching ratio into ^tttt is 
seen with mass of 2175MeV[49j. Simple arithmetic 
shows that the mass gap from this state to to((/)) is 
within the errors identical to that between y(4260) 
and m{'ip). This is perhaps reasonable if the cost of 
exciting the gluonic flux-tube is not sensitive to the 
masses of the qq involved (as lattice QCD seems to 
suggest), in which case a hybrid vector production and 
decay is consistent with data. The KKi and K*Ko 
thresholds do not relate so readily to the 2175 state as 
do the analogous charm states with the 4260, which 
makes it less likely perhaps that the 4260 and 2175 
can be simply dismissed as non-resonant effects as- 
sociated with S-wave channels opening. While it may 
not be possible to prove that these are definitively sig- 
nals for hybrid vector mesons, all of the phenomena 
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are in accord with expectations for hybrids. 

If this 4260 state is not hybrid vector charmonium, 
then where it is? 

Suppose that it is. Where else should we look? 
Clearly the [0, 1] ^ states predicted to lie below the 
y(4260) become interesting. The properties and 
search pattern for such states are discussed in ref . [4lj . 
In e+e~ —^ip + Xit is possible that such states 
could feed the signal at 3940MeV. If the production 
is via strong flux-tube breaking there is a selection 
rulejlOj] that suppresses + X when X has negative 
parity. However, it is possible that the dominant pro- 
duction for cc + cc is by "preformation" , where a 
perturbative gluon creates the second cc pair (the 
highly virtual photon having created the initial pair). 
In such a case there is no selection rule forbidding 
X = [0,1] ^ hybrids; however, the amplitude will 
be proportional to the short distance wavefucntion of 



the hybrid, which is expected to be small compared 
to those of e.g. ric{3S) though perhaps comparable to 
those of xj- Thus it would be interesting to measure 
the J^'-^ of the X(3940) region to see if it contains 
exotic 1 ^ . If such a signal were found then we could 
truly be sure that hybrid charmonium had been re- 
vealed. 
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